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A B S T R A C T

In order to measure the activity of neuronal mitochondria, a representative proof of neuronal processes,
physiologically relevant mitochondrial samples need to be gained as simply as possible. Existing methods
are, however, either for tissue samples of large size and/or homogenous microstructures only, or are not
tested for mitochondrial function measurements. In the present article we describe a gradient fractionation
method to isolate viable and well-coupled mitochondria from relatively heterogeneous histological
microstructures such as the hypothalamus. With this new method, we are able to isolate a sufficient amount
of functional mitochondria for determination of respiratory activity, in a short period of time, using
affordable equipment.

� Verified by electron microscopy, our method separates highly enriched and well-preserved perikaryal and
synaptosomal mitochondria. Both fractions contain minimal cell debris and no myelin. Respiratory
measurements (carried out by Clark-type electrode) confirmed undisturbed mitochondrial function providing
well-evaluable records. The demonstrated protocol yields highly viable mitochondrial subfractions within 3 h
from small brain areas for high-precision examinations. Using this procedure, brain regions with relatively
heterogeneous histological microstructure (hypothalamus) can also be efficiently sampled.
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Up to our present knowledge, our method is the shortest available procedure with the lowest sample size to
gain debris-free, fully-viable mitochondria.

 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

 R T I C L E I N F O
ethod name: Isolation of mitochondrial fraction for oxygen-consumption measurements
eywords: Percoll, Gradient fractionation, Respiration measurement, Clark-type electrode
rticle history: Received 18 January 2016; Accepted 11 May 2016; Available online 19 May 2016

ntroduction

In the last decades, oxygen consumption measurements of neuronal mitochondria has been put
nto focus as a representative proof of neuronal activity and/or impairment (reviewed by Kann and
ovacs [1]). Compared to other, conventional methods (e.g. PCR, Western Blot, immunohistochemis-
ry), oxygen consumption measurements allow the scientists to gather radically distinct information
f the underlying neuronal processes and cellular metabolism. Besides the obvious advantages, a
ajor drawback of oxygen consumption measurements is that, for reliable results, fully functional and
iable mitochondria need to be obtained.
In the past, numerous isolation techniques have been developed in order to gain well-purified

itochondrial fractions suitable for neuronal activity analyses [2–7]. Initial approaches were based on
ifferential fractionation using either continuous (self-generated) or discontinuous sucrose gradient
8–11]. By these methods, mitochondria were exposed to osmotic conditions that significantly scaled
own mitochondrial viability. To tackle the problem, later, the osmotically active sucrose was changed
o a Ficoll gradient. This change seemed to be very promising as it improved almost all important
arameters (yield, effort, etc.) [12–15]. Although Ficoll allowed isolation of well-purified synaptic and
xtrasynaptic mitochondrial fractions with acceptable viability (i.e. respiratory properties), the
rocedure required a considerably long ultracentrifugation step [16,17]. Ultracentrifugation inevitably
eeds an equipment of higher grade and more work load, on the other hand, it causes damages in
itochondrial membranes as well as it does not remove all subcellular elements that could seriously
ask the native respiratory activity and functional integrity of the separated mitochondria [18,19]. To
et around these drawbacks, Percoll was introduced into the field of mitochondrial fractionation. This
roduct has held out with its extraordinary properties over Ficoll offering the possibility of rapid, but
elicate fractionation together with a precise separation of subcellular components [20,21]. Methods
sing Percoll gradient are available for some time now, and they seem very reliable for obtaining viable
itochondria that are well-suitable for respiration measurements.
Originally, respiration measurements were developed for hepatocytes [22], therefore the sample

ize and a possible biochemical contamination were less limiting in terms of measurement accuracy.
ater, when this promising method was modified for brain tissues, scientists encountered a serious
roblem: from brain samples, obtaining a critically large amount of functional mitochondria was
nexpectedly difficult (due to differences in mitochondrial functions among brain regions; intrinsic
eterogeneity; obstacles in sampling because of size, shape, consistency, and tissue vulnerability). As a
olution, researchers increased the sample size that, especially in case of smaller brain areas, often
esulted in grouped samples of several animals [23,24]. By some experimental conditions, working
ith pooled mitochondrial samples originated from several individual specimens provides acceptable
ata [33], however there is an evident and always growing effort to be able to examine bioenergetics of
mall and well-defined brain regions of different individual specimens [34,35]. Most studies on
itochondrial functions usually process such target brain areas that are not only large enough, but
lso have favorable histological properties regarding the preservation of the mitochondrial viability
uring the isolation procedure [25–32].
In this article, we describe a detailed method to isolate sufficient amount of functional

itochondria from relatively small brain samples for further determination of their respiratory
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activity. During the development, our goal was to radically refine the existing methods [19–21] in
order to (1) measure small brain parts (such as 5 mg of a rat hypothalamus) (2) in a short period of time
(3) using relatively simple and affordable equipment. The hypothalamus is not only a small brain
region but also contains relatively large amount of white matter (such as chiasma opticum,fornix and
ventral parts of internal capsule, etc.) and parts of pia mater. This “contamination” is hardly avoidable
during an ordinary dissection, and the biochemical compounds (such as phospholipids, long chain
fatty acids or molecules with steroid scaffold) impair the reliability of the mitochondrial respiration
measurement by uncoupling the respiration chain or disrupting the membrane integrity of
mitochondria [36,37].

The isolation procedure was tested (quality testing) by electron microscopy for high resolution
morphological confirmation and mitochondrial respiration measurements (carried out by Clark-type
oxygen electrode) for viability verification. Quality testing proved that the presented method is
suitable for mitochondrial respiration measurement of hypothalamic samples (and probably other
brain regions of similarly heterogeneous microstructure) in various experimental conditions,
furthermore, it also separates the synaptosomal and somal (i.e. extrasynaptosomal) mitochondrial
subfractions.

Materials and methods

In this protocol, we describe the steps of preparing synaptosomal and extrasynaptosomal
mitochondrial fractions from rat hypothalami. For quality testing of this method 10–15 week-old
Wistar rats were used. We followed the guidelines laid down by the National Institutes of Health, the

Fig. 1. Centrifugation steps of mitochondrial fractionation as described in this method. In the first phase (1) crude
mitochondrial fraction is gained as a result of the classical differential fractionation, followed by Percoll gradient fractionation
(2) in order to remove un-useful cell organelles, cell debris, and finally (3), Percoll is removed from the samples before
biochemical and physiological assays.
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se of animals was approved by the University Committee on Animal Use at Szent Istvan University
aculty of Veterinary Sciences, Hungary (Permit Number: XIV-I-001/2202-4/2012).

resented protocol

A detailed step-by-step protocol including the necessary reagents and preparation of equipment
an be found in Appendix A and B of Supplementary materials. Note that some of the solutions should
e freshly prepared and some of them can be stored up to one week before experimental processing.
ll solutions and equipment have to be perchilled and kept at 4 �C throughout the whole procedure.
The presented method consists of three major steps: (1) preparation of a “crude mitochondrial”

raction; (2) purification of the crude mitochondrial fraction with a simplified Percoll gradient; (3)
learing off the Percoll from the purified sample.

reparation of crude mitochondrial fraction from brain tissue
After decapitation, the brain region of interest is quickly extracted and immediately placed into

50 ml ice-cold isolation buffer (isolation buffer always contains EGTA, unless indicated otherwise).
he dissecting steps are performed on 4 �C (cold room; tools kept on ice: brain mold, blades, scissors,
patulas, etc.). Before the separation procedure, all samples should be homogenized separately using a
erchilled teflon-on-glass tissue homogenizer with a motorized pestle (600–800 rpm; ten strokes of
ach samples). The homogenizer is always cleaned between two samples with fresh isolation buffer.
s a result of the homogenization, undamaged somal mitochondria and synaptosomes are released,
eside other subcellular organelles and cell debris.
After homogenization, all buffer that contains mitochondria and cell debris has to be recollected

rom the homogenizer and put into a microcentrifuge tube (1.5 ml Eppendorf tube). Then the so-called
crude mitochondrial fraction” is obtained by the following centrifugation steps (all steps are at 4 �C;
se fixed angle rotor bench-top centrifuge). For easier understanding, all the steps (together with
radient fractionation on Percoll) are visualized on Fig. 1; and also outlined in Appendix A of
upplementary materials.
As a first step, each homogenized sample is spun at 1300 rcf (3700 rpm) for 4 min. After

entrifugation, the supernatant is collected in an empty Eppendorf tube, while the pellet is
esuspended in 750 ml isolation buffer, then it is spun again with the same settings (first step repeated
o release mitochondria from large cell debris). After the second spin the supernatant is pooled
ogether with the former supernatant collected from the first step. At this point, the pellet can be
iscarded since it contains no more useful elements. In the next step, the two supernatants collected in

ig. 2. Preparation of two-layer Percoll gradient in 2 ml conical microcentrifuge tube. The 0% Percoll layer containing the
palescent sample (L1) is overlaid onto the 15% Percoll solution (L2) using an extremely low flow rate. To do so, the pipette tip
hould be first conducted along the tube wall to build a narrow fluid bridge that helps the suspension (L1) of sample to flow
ently on top of the L2 layer.
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one tube are spun together at 13000rcf (11800 rpm) for 11 min. During the centrifugation, the
mitochondria sink into the pellet, thus the floating, debris containing supernatant can be poured off
and discarded. The pellet is resuspended in 500 ml of isolation buffer and called the “crude
mitochondrial fraction”, which still contains many contaminating particles (other cell organelles,
myelin, cell debris, etc.) and should be further purified for better physiological measurement.

Purification with a Percoll gradient fractionation
For further purification, a simplified discontinuous Percoll gradient is used that merely consists of a

15% and a 0% Percoll layer (filtered Percoll stock solution is diluted to 15% with isolation buffer, see
Appendix A of Supplementary materials). This separates the mitochondria and synaptosomes from
other, non-useful elements; on the other hand, easy enough to prepare even in a small-sized
Eppendorf tube. First 500 ml of 15% Percoll (layer L2) is be put in a special “Percoll tube” (2 ml, of
conical shape; see Fig. 2). The homogenized sample containing the crude mitochondrial fraction (as a
matter of fact this is the 0% Percoll layer, L1) is carefully layered on top of the 15% Percoll by a fine
pipette avoiding even the slightest mixing of the two layers (Fig. 2).

The Percoll gradient containing tubes should be handled with great care by placing into the
centrifuge, and spun at 22000rcf (15400 rpm) for 7 min 40 s. In order to save the layers during the
centrifugation, the acceleration of the rotor is set to the lowest level and the break is turned off (let the
rotor slow down by itself). This way, one can obtain three different layers easily distinguishable by the
naked eye: fraction F1—myelin contamination; fraction F2—synaptosomal fraction; fraction F3—
perikaryal mitochondria (Fig. 3). After gently removing the tubes from the centrifuge, the layers of
interest are recollected and subjected further to cleaning steps. Using a fine pipette, the subfractions of
interest can be collected either individually or together depending on the purpose of the experiment.
In our research, we are interested in the free and synaptosomal mitochondria, therefore, both the
subfraction F2 and F3 are recollected into a clean Eppendorf tube, while the top layer (cell membrane
and myelin debris; F1) is discarded.

Clearing off the Percoll
At this point, the collected fractions are free of harmful compounds, yet contains a relatively large

amount of Percoll that needs to be washed out from our sample. This washing step may differ on the
purpose of the experiment. Our goal is to obtain uninjured, coupled, viable mitochondria, so the
following centrifugation steps are deployed before the final utilization. The entirely filled tubes of the
resuspended sample are spun at 22000rcf (15400 rpm) for 11 min. Since there are no layers anymore,
full acceleration and breaking are applied for the fastest centrifugation. After centrifugation, the
supernatant can be carefully poured off. As the last step, the remaining, minimal amount of Percoll and
EGTA (that might disturb high-precision physiological measurements) is removed. So samples
resuspended with 1 ml EGTA free isolation buffer are centrifuged at 13000rcf (11800 rpm) for 11 min,

Fig. 3. Subfractions of the crude mitochondrial fraction after separation on Percoll gradient. The extrasynaptosomal subfraction
(F3) is visible at the tip of the tube, while the synaptosomal one (F2) is found around the inclination of the wall of the tube. The
myelin-containing subfraction (F1) is located at the border of the 0% and 15% Percoll layers.

D.S. Kiss et al. / MethodsX 3 (2016) 417–429 421
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nd stored as a pellet in isolation buffer (without EGTA) on 4 �C until the measurements. According to
ur purpose, in case of hypothalamic samples weighing 18–20 mg, the pellet is resuspended in 50 ml
espiration buffer (see later) resulting in around 4.2 mg/ml protein concentration.

ethods and materials for quality testing

The method is originally developed for mitochondrial respiration measurement purposes,
herefore, besides the classical morphological observations, quality testing of the present procedure
as mainly focused on viability tests using Clark-type oxygen electrode.
Morphological tests were carried out by electron microscopy: after centrifugation steps, the pellets

ere immersed into fixative (4% paraformaldehyde, 2% glutaraldehyde) for 24 h, and were further
rocessed as detailed by Zsarnovszky et al. [38].
For viability tests, isolated mitochondria were transferred into respiration buffer (215 mM

annitol, 75 mM Sucrose, 0.1% BSA, 2 mM MgCl, 2.5 mM KH2PO4, 20 mM HEPES [4-(2-hydroxyethyl)-
-piperazineethanesulfonic acid]; pH 7.2) and put into a Clark-type oxygen electrode chamber
Hansatech Instruments, Norfolk, UK) to measure their activity at 37 �C. The electrode groove was
lled with potassium chloride for establishing the electrode bridge between cathode and anode.
alibration was fulfilled by air saturated, deionized distilled water in order to establish the air line,
hile sodium dithionite for zero oxygen line. Using the protocol described by Rosenthal et al. [29], we
easured the oxygen consumption by consecutively adding 5 ml pyruvate (500 mM sodium pyruvate

n 20 mM HEPES) together with 2.5 ml malate (500 mM malic acid in 20 mM HEPES), 2.5 ml ADP
25 mM in 20 mM HEPES), 1 ml oligomycin (1 mM in ethanol) and 2.5 ml carbonylcyanide-4-
trifluoromethoxy)-phenylhydrazone (1 mM in DMSO [dimethyl sulfoxide]) to the respiration buffer
f 500 ml final volume.
The results gained from quality testing were compared to similar protocols, and to the expected

itochondrial function based on the relevant literature e.g. [39,40].

heory behind this method

dvantages and limitations of Percoll gradient procedures

Considering the characteristics of the different products available for gradient fractionation, and
ased on our previous experiences, we chose Percoll to obtain high quality and viable mitochondrial
raction for activity measurements. Percoll is a silica sol with non-dialyzable polyvinylpyrrolidone
oating, composed by particles of the same diameter (21–22 nm). The principle of fractionation using
ercoll is the separation by density rather than size differences: each particle sediments to an
quilibrium position where the gradient density is equal to the density of the particle (isopycnic
osition).
The major advantages of Percoll are the low viscosity (10 � 5 cP at 20 �C) enabling a rapid

rocedure, and the very low osmolality (<25 mOsm/kg H2O) crucial to avoid shrinkage or swelling of
ell organelles [41]. Percoll solutions of different concentration can be easily prepared and layered on
op of each other without specialized peristaltic pumps, and the gradient can be stored safely without
ixing for hours or even for days (they can be prepared in advance). Important to note that Percoll is
onsidered to be biologically inert, but it is also easy to remove from the sample [19]. The pH of Percoll
9.0 � 0.5 at 20 �C) can be adjusted in a wide range between 5.5–10 without altering the structure or
hysical properties of the solution. In addition to these, Percoll suspension possesses physiological
onic strength and pH, it does not penetrate biological membranes, sterilizable and the analysis of
radients is simple with colored density marker beads.
A notable limitation of Percoll procedures is that the distribution of different types of organelles

an slightly crisscross among the subfractions, which means in our case, e.g., some synaptosomes
ight end up in the mainly free mitochondria containing subfraction F3, and vice versa. Furthermore,
igh concentrations of any salts, including HEPES or Tris, can lead to aggregation of membranes and
isruption of subcellular fractionation in the gradient [19]. It has to be noted here that these
henomena also emerge in case of other separation media (e.g. Ficoll and sucrose).

22 D.S. Kiss et al. / MethodsX 3 (2016) 417–429



Homogenization

Most of the homogenizing techniques (ultrasonic homogenization, freeze–thawing, hypotonic
shock) could easily impair mitochondrial shape and function [31,42]. For instance, the widely used
ultrasonic homogenization, based on the phenomenon of cavitation, causes rapid changes in
intracellular pressure producing microscopic air bubbles in the cytoplasm, and damages the
mitochondrial membranes [43]. For isolation of viable mitochondria, it is highly recommended to use
a motorized (or even a manual) teflon-on-glass Potter-Elvehjem type homogenizer [44]. The clearance
and surface shape of the pestle is critical for a sufficient quality (e.g. using grooved grinder is not
recommended). In addition, the volume of the glass tube has to be adjusted to the tissue size otherwise
a large proportion of the sample would remain on the walls of the tube.

Making a discontinuous Percoll gradient

Percoll gradient methods refined for brain samples are, in general, for tissue samples weighing
more than 1–2 g. These brain blocks, after homogenization (with or without differential fractionation
steps), are usually thoroughly resuspended in 2–5 ml isolation solutions and layered on the top of a
10–20 ml gradient column. According to our experiences, hypothalamic samples (weighing 5–20 mg)
could be homogenized in 0.5–0.75 ml buffer, at best. Even this small volume needs to be further
reduced in order to perform a proper gradient fractionation, otherwise useful fractions cannot be
recovered due to the very high gradient solution-fraction ratio [19,30].

Thus, because of the small size of the targeted brain area, a suitable microcentrifuge tube is needed
instead of the commonly used 15–20 ml Corning tubes. The size of the ordinary 1.5 ml Eppendorf tube
seemed to be well applicable, however, its tapered shape and beveled lower part ruin the layering and
retrieval of the divided fractions. We found that a 2.0 ml microcentrifuge tube with straight sides,
conical ending, and with constant wall thickness ensured the gradient formation, and provided the
stability of the layers during centrifugation. Depending on the purpose, layering of 0.2–0.5 ml Percoll
solutions can be performed manually (using a fine micro-pipette) in the conical microcentrifuge tube,
if Percoll content varies in at least 7–10%.

In order to separate somal and synaptosomal mitochondria from other membrane and myelin
debris containing fractions, Dunkley et al. introduced a five-layer discontinuous Percoll gradient
procedure [19,45]. Based on their finding, we set up a simplified, two-layer gradient: a 15% Percoll
layer on the bottom of the microcentrifuge tube covered by a 0% Percoll containing layer, which is our
sample itself. With this gradient, we expect three different layers distinguishable by the naked eye
without any specific density marker, if the original tissue block is not smaller than 5 mg (average tissue
block that we intended to examine is 10–30 mg). The somal mitochondria sinks to the bottom of the
tube, the synaptosomal mitochondria floating in the middle of the 15% Percoll layer but well-
demarcable, while the lighter particles, such as membranes and myelin debris, cannot enter the 15%
layer, thus it remains on the border of the two layers (Fig. 3). The described two-layer-method focuses
on the separation of the mitochondria from other lighter cell organelles and debris, therefore it is
advisable to start up from a “crude mitochondrial fraction” that does not contain any larger cellular
elements.

Working with Percoll gradients, fixed angle type rotor should be used exclusively since the rotors
with swing-out heads can easily disrupt the borders between gradient layers resulting in significantly
lower yields.

Removing Percoll from the fractions

Even though Percoll, according to our present knowledge, is considered as a biologically inert
material, after recovering the mitochondrial fractions it must be removed from the suspension. Percoll
particles, having relatively high specific surface and space-filling property, can significantly disturb
physiological measurements (e.g. by hindering the access of respiration modifiers to the organelles, or
it can isolate the measuring electrode surface from the mitochondria). To eliminate the unwanted
Percoll, we inserted an additional high speed centrifugation step into our protocol. Note that very high

D.S. Kiss et al. / MethodsX 3 (2016) 417–429 423
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peed and/or long time centrifugation (which could overwhelm Percoll’s impact) might damage the
itochondria [19], therefore, the samples were diluted up to the highest fold, and centrifuged at the

owest possible force that brings the mitochondrial fractions into the pellet as quickly as possible.

esults and discussion

The presented method yields metabolically active mitochondrial fractions that exhibit good
espiratory coupling, high purity, and contain minimal membrane fragment and myelin contamina-
ion (that is somewhat higher in the synaptosomal fraction).

We tested the viability of our mitochondrial fractions by morphological analysis (electron
icroscopy, Fig. 4) and measurement of mitochondrial responsiveness in Clark-type oxygen electrode
hamber (activity of oxygen consumption, Fig. 5).

lectron microscopy

In order to check structural integrity and possible disruption caused by the centrifugation steps,
articularly those of high speed on Percoll gradient, we sampled the fractions of interest during

ig. 4. Micrographs of crude and purified mitochondrial fractions. (A) Crude mitochondrial fraction: besides rare mitochondria
nd synaptosomes, crude mitochondrial fraction is highly “contaminated” by cell debris, membranes and myelin (My).
urification of crude mitochondrial fraction on Percoll gradient enables to gain subfractions enriched in intact mitochondria
fraction F2) and synaptosomes (fraction F3) separated from myelin and cell debris (fraction F1). (B) “Contamination” containing
raction (F1): the cell debris and membranous structures that may destroy mitochondrial assays build the F1 subfraction that is
liminable from the top of the gradient column. (C) Synaptosomal fraction (F2): F2 is predominated by synaptosomes, however
ontains rare perikaryal mitochondria and small vesicles, as well. (D) Extrasynaptosomal fraction (F3): located in the tip, F3 is
ighly enriched in well-preserved extrasynaptosomal mitochondria. Moderate mitochondrial density indicates gentle
entrifugal forces. Scale bar on each panel represents 1 mm.

24 D.S. Kiss et al. / MethodsX 3 (2016) 417–429



elaboration of the method to bring them to electron microscopy. Of all possible samples, here we show
only those gained from finalized method as representative for quality testing of recovered fractions.

Subfraction F3, located in the tip of the microcentrifuge tube, is highly enriched in well-preserved
extrasynaptosomal (free) mitochondria. Its density is moderate indicating gentle centrifugal forces
during the fractionating procedure. Subfraction F2 is predominated by mitochondria containing
synaptosomes, small vesicles, and larger resealed vesicles of undetermined origin. Membrane
structures and intrasynaptosomal mitochondria were intact. Postsynaptic densities attached to
synaptosomes can be observed occasionally. Subfraction F1 is dominated by myelin, large vesicles; and
rarely, small mitochondria are visible as well as unidentified membranous and granular material
(Fig. 4).

Oxygen consumption measurements

As the most important goal of this protocol was to obtain viable mitochondrial fractions that are
suitable for oxygen consumption measurement, at quality testing, we put the major emphasis on the
respiratory functions (mitochondrial respiration rate, mrr). Mitochondrial respiration rates were
measured and evaluated as described earlier by Toth et al. [34], here we only sum up the general
principles of the measurement and the final results of quality testing of the described method. The
isolated mitochondria were loaded into a Clark-type electrode chamber, and their oxygen
consumption was measured real time (results are expressed as consumed oxygen per minute; nmol

Fig. 5. Results of quality testing (mitochondrial respiration measurements). (A) Crude mitochondrial fraction from cortical
samples (30 mg): fairly acceptable results gained from cerebral cortex by simple differential centrifugation. (B) Crude
mitochondrial fraction from hypothalamic samples (30 mg): same method on hypothalamic samples do not provide
physiologically relevant records due to the histological properties of the hypothalamic area. (C) Purified mitochondrial fraction
from hypothalamic samples (30 mg): the presented Percoll-based gradient centrifugation method results in a highly responsive,
physiologically relevant and viable mitochondrial fraction. (D) Purified mitochondrial fraction from hypothalamic samples
(5 mg): the expected responsiveness, and viability can be observed on relatively small hypothalamic samples (5 mg), as well,
although the small amount of isolated mitochondria limits the evaluation process (D/1: mrr recording plotted on the same scale
as the other curves [A–C]; D/2: to show appropriate responsiveness, Y axis is rescaled to enlarge the same recording).

D.S. Kiss et al. / MethodsX 3 (2016) 417–429 425
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2/ml). Five stages (each measured for 60 s) were distinguished according to the subsequently added
espiration modifiers [39].

1. State 1 (St1): mitochondrial oxygen consumption in respiration buffer only, without the addition of
any substrates that may affect mitochondrial activity. The measured mrr depends on the actual
metabolic state of the mitochondria.

. State 2 (St2): mitochondrial function in the presence of oxidative substrates (pyruvate and malate
in a final concentration of 5 mM and 2.5 mM, respectively) of the Krebs’ cycle, but in lack of added
substrate for the ATP synthase [16]. Under such conditions, Krebs’ cycle intensifies and oxygen
consumption increases due to consequential facilitation of the terminal oxidation and oxidative
phosphorylation if the down-regulating mechanisms are not active. Mitochondrial respiratory rate
measured in St2 is limited by the amount of endogenous ADP present in the mitochondria.

. State 3 (St3): state 3 is initiated by adding ADP in a final concentration of 130 mM. Being the
substrate for ATP synthase, ADP is a major upregulator of mitochondrial respiration. Under such
conditions, mrr increases if prior fuel supply of the hypothalamic tissue was sufficient. Therefore, if
excess amount of ADP is added to the sample (Krebs’ cycle is already fueled up), oxidative
phosphorylation is limited exclusively by the activity of ATP synthase.

. State 4 (St4): in state 4, oligomycin (2.5 mM in the final concentration) is used to block the ATP
synthase activity, therefore the oxidative phosphorylation, however the steps of terminal oxidation
continues [46]. Under such conditions, oxygen consumption depends on the actual uncoupled stage
and the activity of alternative oxidases of the mitochondria. Under physiological conditions,
uncoupling and alternative oxidation play important roles in transient down-regulation of ATP
biosynthesis when cellular energy needs drop. In case of fully viable mitochondria, oligomycin
results in remarkably reduced mrr compared to that observed in state 3. It is to note that improper
purification of the sample may lead easily to elevated state 4 mrr rendering a reliable evaluation
unable.

. State 5 (St5): at last, FCCP [carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone] is added to
the sample in a final concentration of 5 mM. FCCP is a cyanide derivative that functions as
protonophore dissipating mitochondrial membrane potential by artificially carrying protons across
the inner membrane, thus causing uncoupled respiration [47,48]. Decreased oxygen level under
such conditions depends on the initial (in vivo) metabolic state of the sampled tissue, and the
amount of oxygen consumed during states 1–4 respiration. Therefore, this experimental setup is
also known as total mitochondrial respiratory capacity.

By the application of the above description, one should take into consideration that most studies
vailable on mitochondrial respiratory functions examine samples larger than that of our interest, or
rouped samples of smaller brain areas obtained from several animals [49,50]. Thus, we compered our
esults to observations gained from respiratory measurements on cortical and hypothalamic samples
f bigger size (other species and/or grouped samples) [30,51,52].
Fig. 5 intends to demonstrate the benefits and limitations of the presented. It is important to note

hat the main goal of the figure is not to provide a direct comparison, but to highlight advantages of the
resented protocol. Before the Ficoll and Percoll era, brain samples for mitochondrial measurements
ere purified mainly using exclusively differential fractionation (that yields merely crude
itochondrial fraction) [9]. Interestingly, applying to cortical samples, this method provides quite
ell-evaluable records almost as good in quality as those obtained from gradient fractionation
Fig. 5A). Therefore, these widely simplified and quick procedures can provide approximately reliable
ata in case of cortical (or cerebellar) samples [31]. Most probably, this is due to the relatively
omogenous tissue organization of the cortex, where the ratio of the microstructural elements that
an disturb mitochondrial bioenergetics is very low. This allows us to use the crude mitochondrial
raction as an external control of our method (Fig. 5A). On the demonstrated example, one could
bserve the appropriate responsiveness of the sample to the respiration modifiers in all five mrr stages
described above). The same procedure on hypothalamic samples (or possibly on other samples of
igh tissue heterogeneity) never results in similarly appropriate records (on the mrr recording: a slope
f continuous and unbroken inclination, where no respiratory modifiers could alter the oxygen
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consumption; Fig. 5B). This might be due to the above-mentioned uncoupling effect of lipid-like
contaminants deriving from the white matter and the extracellular matrix [36,37]. Acting as
uncouplers, contaminating molecular structures provoke leakage of the inner membrane leading to an
abnormally high oxygen consumption rate in all experimental mitochondrial respiratory states during
registration [53]. Thus, the consumption rates recorded from such brain areas are attributed, in an
unknown degree, to the leakage that hinders the analyses of the native mitochondrial activity itself.

Phases of mitochondrial respiratory measurements: St1: mitochondrial sample in respiration
buffer only; St2: pyruvate and malate added to fuel Krebs’ cycle; St3: ADP added to measure ATP
synthase activity; St4: ATP synthase blocked by oligomycin to observe alternative oxidation and native
uncoupling; St5: uncoupler FCCP added to estimate mitochondrial readiness.

Based on previously published descriptions [48,54] and on our experience derived from the
comparative analyses of mrr recordings [34,55], we can state that the presented Percoll-method
ensures the separated extraction of physiologically viable (not leaking and well-coupled)
mitochondrial fractions (Fig. 5C) from at least 5 mg hypothalamic block, and it enables reliable
respiratory recordings (Fig. 5D). Major evidences are the shape of the mrr curve in all stages that is
comparable with the literature data [29,39,40], and the acceptable responsiveness of the sample in
each respiration stages (Fig. 5D/2).

Limitation of the presented method

The main limitation of the presented method comes from the size of the isolated tissue block.
Workable size of the original sample depends on the volume of isolation buffer: what is the smallest
volume that the researcher and the available instruments can reliably work with. For our experimental
purposes, the Hansatech instrument fits the most, therefore this method was adjusted to this
instrument. Certainly, the presented procedure should be obviously readjusted to available devices.
The lowest chamber volume, in which the mitochondrial measurement can be carried out, is
practically about 250 ml. We have tested several tissue blocks of different sizes between 1 and 35 mg,
and due to the dilution of the fractionated mitochondrial sample in the 250 ml chamber volume, the
smallest size of the original tissue block, from which the mrr recording remained still evaluable,
resulted to be not less than 5 mg (Fig. 5D). Respiratory rates of lower sample size did not exceed the
background error of the instrument.

To our present knowledge, this method provides the easiest and shortest procedure that could gain
fully purified and viable mitochondria extracted from a brain tissue of small size. There are similar
methods available that could be applied for brain tissues not smaller than 40–80 mg, but those omit
purification steps essential for mitochondrial oxygen consumption measurements, moreover they are
not tested on hypothalamic samples [21,31,56].

Conclusions

In the article, we have demonstrated a fully detailed protocol that enables gaining viable
mitochondria from brain areas with heterogeneous histological microstructure (e.g. hypothalamus)
within 3 h. One of the important advantages of the method is that the original sample size can be
reduced even to 5 mg (or even smaller depending on brain region and available equipment). As the
result of this method, mitochondrial subfractions are visible with naked eye and easy to separate for
further high-precision examinations, such as biochemical or mitochondrial respiration measure-
ments. This way, we have a tool in our hand, through which we might be able to examine mitochondria
of small, isolated brain parts; and by combining this method with mitochondrial respiration
measurements, we have an outstanding opportunity to get new insights into the neuronal energetics.

Acknowledgement

This research was supported by OTKA104982, 72186 and 115613; NKB15930; KK-UK12021 and KK-
PhD15263. The authors would like to express their highest gratitude to Zsuzsanna Szikora for her
generous contribution throughout the whole project. The authors thank Greta Goszleth for the

D.S. Kiss et al. / MethodsX 3 (2016) 417–429 427



p
t

A

o

R

[

[

[

[

[

[

[
[

4

reparation of solutions; Tunde Magyar and Klara Peto for their help in electron microscopic quality
esting; and Viktoria Knyihar for literature reviewing.

MethodsX thanks the reviewers of this article for taking the time to provide valuable feedback.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.
rg/10.1016/j.mex.2016.05.004.

eferences

[1] O. Kann, R. Kovacs, Mitochondria and neuronal activity, Am. J. Physiol. Cell Physiol. 292 (2007) C641–C657, doi:http://dx.
doi.org/10.1152/ajpcell.00222.2006.

[2] G. Fiskum, Mitochondrial participation in ischemic and traumatic neural cell death, J. Neurotrauma 17 (2000) 843–855.
[3] B.S. Kristal, I.G. Stavrovskaya, M.V. Narayanan, B.F. Krasnikov, A.M. Brown, M.F. Beal, et al., The mitochondrial permeability

transition as a target for neuroprotection, J. Bioenerg. Biomembr. 36 (2004) 309–312, doi:http://dx.doi.org/10.1023/B:
JOBB.0000041759.35731.70.

[4] M.F. Beal, Mitochondria take center stage in aging and neurodegeneration, Ann. Neurol. 58 (2005) 495–505, doi:http://dx.
doi.org/10.1002/ana.20624.

[5] P.G. Sullivan, A.G. Rabchevsky, P.C. Waldmeier, J.E. Springer, Mitochondrial permeability transition in CNS trauma: cause or
effect of neuronal cell death? J. Neurosci. Res. 79 (2005) 231–239, doi:http://dx.doi.org/10.1002/jnr.20292.

[6] I.G. Stavrovskaya, B.S. Kristal, The powerhouse takes control of the cell: is the mitochondrial permeability transition a
viable therapeutic target against neuronal dysfunction and death? Free Radic. Biol. Med. 38 (2005) 687–697, doi:http://dx.
doi.org/10.1016/j.freeradbiomed.2004.11.032.

[7] T. Kristian, Metabolic stages, mitochondria and calcium in hypoxic/ischemic brain damage, Cell Calcium 36 (2004) 221–
233, doi:http://dx.doi.org/10.1016/j.ceca.2004.02.016.

[8] E.G. Gray, V.P. Whittaker, The isolation of nerve endings from brain: an electron-microscopic study of cell fragments
derived by homogenization and centrifugation, J. Anat. 96 (1962) 79–88.

[9] F. Hajos, An improved method for the preparation of synaptosomal fractions in high purity, Brain Res. 93 (1975) 485–489.
[10] J.M. Graham, Purification of a crude mitochondrial fraction by density-gradient centrifugation, Curr. Protoc. Cell Biol.

(2001), doi:http://dx.doi.org/10.1002/0471143030.cb0304s04 Chapter 3, Unit 3.4.
[11] J.M. Graham, Isolation of mitochondria from tissues and cells by differential centrifugation, Curr. Protoc. Cell Biol. (2001),

doi:http://dx.doi.org/10.1002/0471143030.cb0303s04 Chapter 3, Unit 3.3.
[12] P.B. Noble, J.H. Cutts, Separation of blood leukocytes by Ficoll gradient, Can. Vet. J. 8 (1967) 110–111.
[13] S. Bennett, S.N. Breit, Variables in the isolation and culture of human monocytes that are of particular relevance to studies

of HIV, J. Leukoc. Biol. 56 (1994) 236–240.
[14] M.C. de Almeida, A.C. Silva, A. Barral, M. Barral Netto, A simple method for human peripheral blood monocyte isolation,

Mem. Inst. Oswaldo Cruz. 95 (2000) 221–223.
[15] K.N. Williams, A. Szilagyi, L.-K. He, P. Conrad, M. Halerz, R.L. Gamelli, et al., Dendritic cell depletion in burn patients is

regulated by MafB expression, J. Burn Care Res. 33 (2012) 747–758, doi:http://dx.doi.org/10.1097/BCR.0b013e318250457f.
[16] J.B. Clark, W.J. Nicklas, The metabolism of rat brain mitochondria. Preparation and characterization, J. Biol. Chem. 245

(1970) 4724–4731.
[17] J.C. Lai, J.B. Clark, Preparation and properties of mitochondria derived from synaptosomes, Biochem. J. 154 (1976) 423–432.
[18] J.C. Lai, J.M. Walsh, S.C. Dennis, J.B. Clark, Synaptic and non-synaptic mitochondria from rat brain: isolation and

characterization, J. Neurochem. 28 (1977) 625–631.
[19] P.R. Dunkley, P.E. Jarvie, P.J. Robinson, A rapid Percoll gradient procedure for preparation of synaptosomes, Nat. Protoc. 3

(2008) 1718–1728, doi:http://dx.doi.org/10.1038/nprot.2008.171.
20] E. Zaidan, N.R. Sims, The calcium content of mitochondria from brain subregions following short-term forebrain ischemia

and recirculation in the rat, J. Neurochem. 63 (1994) 1812–1819.
[21] N.R. Sims, M.F. Anderson, Isolation of mitochondria from rat brain using Percoll density gradient centrifugation, Nat.

Protoc. 3 (2008) 1228–1239, doi:http://dx.doi.org/10.1038/nprot.2008.105.
22] P.G. Killenberg, C.L. Hoppel, Inhibition of rat liver mitochondrial oxidative phosphorylation by sulfobromophthalein, Mol.

Pharmacol. 10 (1974) 108–118.
23] T.L. Horvath, C.H. Warden, M. Hajos, A. Lombardi, F. Goglia, S. Diano, Brain uncoupling protein 2: uncoupled neuronal

mitochondria predict thermal synapses in homeostatic centers, J. Neurosci. 19 (1999) 10417–10427.
24] J. Jacobson, M.R. Duchen, J. Hothersall, J.B. Clark, S.J.R. Heales, Induction of mitochondrial oxidative stress in astrocytes by

nitric oxide precedes disruption of energy metabolism, J. Neurochem. 95 (2005) 388–395, doi:http://dx.doi.org/10.1111/
j.1471-4159.2005.03374.x.

25] W.E. Grove, T.C. Johnson, P. Kelly, M. Luttges, Qualitative and quantitative morphological changes in subcellular fractions
from mouse cerebral cortex during postnatal development, J. Cell Biol. 58 (1973) 676–688.

26] U. Bretz, M. Baggiolini, R. Hauser, C. Hodel, Resolution of three distinct populations of nerve endings from rat brain
homogenates by zonal isopycnic centrifugation, J. Cell Biol. 61 (1974) 466–480.

[27] M.A. Goldberg, Protein synthesis in isolated rat brain mitochondria and nerve endings, Brain Res. 27 (1971) 319–328.
28] J.A. Babitch, Synthesis of proteolipid by subcellular fractions from rat brain, Brain Res. 49 (1973) 135–150.
29] R.E. Rosenthal, F. Hamud, G. Fiskum, P.J. Varghese, S. Sharpe, Cerebral ischemia and reperfusion: prevention of brain

mitochondrial injury by lidoflazine, J. Cereb. Blood Flow Metab. 7 (1987) 752–758, doi:http://dx.doi.org/10.1038/
jcbfm.1987.130.

28 D.S. Kiss et al. / MethodsX 3 (2016) 417–429

http://dx.doi.org/10.1016/j.mex.2016.05.004
http://dx.doi.org/10.1016/j.mex.2016.05.004
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0005
http://dx.doi.org/10.1152/ajpcell.00222.2006
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0010
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0015
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0015
http://dx.doi.org/10.1023/B:JOBB.0000041759.35731.70
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0020
http://dx.doi.org/10.1002/ana.20624
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0025
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0025
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0030
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0030
http://dx.doi.org/10.1016/j.freeradbiomed.2004.11.032
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0035
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0035
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0040
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0040
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0045
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0050
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0050
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0055
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0055
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0060
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0065
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0065
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0070
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0070
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0075
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0075
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0080
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0080
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0085
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0090
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0090
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0095
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0095
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0100
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0100
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0105
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0105
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0110
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0110
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0115
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0115
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0120
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0120
http://dx.doi.org/10.1111/j.1471-4159.2005.03374.x
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0125
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0125
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0130
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0130
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0135
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0140
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0145
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0145
http://dx.doi.org/10.1038/jcbfm.1987.130


[30] T. Kristian, Isolation of mitochondria from the CNS., Curr. Protoc. Neurosci. Chapter 7 (2010) Unit 7.22.10.1002/0471142301.
ns0722s52.

[31] D. Valenti, L. de Bari, B. De Filippis, L. Ricceri, R.A. Vacca, Preservation of mitochondrial functional integrity in mitochondria
isolated from small cryopreserved mouse brain areas, Anal. Biochem. 444 (2014) 25–31, doi:http://dx.doi.org/10.1016/j.
ab.2013.08.030.

[32] A.C. Andreazza, L. Shao, J.-F. Wang, L.T. Young, Mitochondrial complex I activity and oxidative damage to mitochondrial
proteins in the prefrontal cortex of patients with bipolar disorder, Arch. Gen. Psychiatry 67 (2010) 360–368, doi:http://dx.
doi.org/10.1001/archgenpsychiatry.2010.22.

[33] Z.B. Andrews, Z.-W. Liu, N. Walllingford, D.M. Erion, E. Borok, J.M. Friedman, et al., UCP2 mediates ghrelin’s action on NPY/
AgRP neurons by lowering free radicals, Nature 454 (2008) 846–851, doi:http://dx.doi.org/10.1038/nature07181.

[34] I. Toth, D.S. Kiss, G. Goszleth, T. Bartha, L.V. Frenyo, F. Naftolin, et al., Hypothalamic sidedness in mitochondrial metabolism:
new perspectives, Reprod. Sci. 21 (2014) 1492–1498, doi:http://dx.doi.org/10.1177/1933719114530188.

[35] I. Toth, D.S. Kiss, G. Jocsak, V. Somogyi, E. Toronyi, T. Bartha, et al., Estrogen- and satiety state-dependent metabolic
lateralization in the hypothalamus of female rats, PLoS One 10 (2015) e0137462, doi:http://dx.doi.org/10.1371/journal.
pone.0137462.

[36] L. Wojtczak, P. Schonfeld, Effect of fatty acids on energy coupling processes in mitochondria, Biochim. Biophys. Acta 1183
(1993) 41–57.

[37] O. Hermesh, B. Kalderon, J. Bar-Tana, Mitochondria uncoupling by a long chain fatty acyl analogue, J. Biol. Chem. 273 (1998)
3937–3942.

[38] A. Zsarnovszky, T.L. Horvath, L.M. Garcia-Segura, B. Horvath, F. Naftolin, Oestrogen-induced changes in the synaptology of
the monkey (Cercopithecus aethiops) arcuate nucleus during gonadotropin feedback, J. Neuroendocrinol. 13 (2001) 22–28.

[39] M.D. Brand, D.G. Nicholls, Assessing mitochondrial dysfunction in cells, Biochem. J. 435 (2011) 297–312, doi:http://dx.doi.
org/10.1042/BJ20110162.

[40] B.H. Graham, Z. Li, E.P. Alesii, P. Versteken, C. Lee, J. Wang, et al., Neurologic dysfunction and male infertility in Drosophila
porin mutants: a new model for mitochondrial dysfunction and disease, J. Biol. Chem. 285 (2010) 11143–11153, doi:http://
dx.doi.org/10.1074/jbc.M109.080317.

[41] L. Ernster, G. Schatz, Mitochondria: a historical review, J. Cell Biol. 91 (1981) 227s–255s.
[42] V.N. Nukala, I.N. Singh, L.M. Davis, P.G. Sullivan, Cryopreservation of brain mitochondria: a novel methodology for

functional studies, J. Neurosci. Methods 152 (2006) 48–54, doi:http://dx.doi.org/10.1016/j.jneumeth.2005.08.017.
[43] Y. Chisti, M. Moo-Young, Disruption of microbial cells for intracellular products, Enzyme Microb. Technol. 8 (1986) 194–

204, doi:http://dx.doi.org/10.1016/0141-0229(86)90087-6.
[44] A.L. Dounce, R.F. Witter, M.K. J, S. Pate, M.A. Cottone, A method for isolating intact mitochondria and nuclei from the same

homogenate, and the influence of mitochondrial destruction on the properties of cell nuclei., J. Biophys. Biochem. Cytol. 1
(1955) 139–53.

[45] P.R. Dunkley, J.W. Heath, S.M. Harrison, P.E. Jarvie, P.J. Glenfield, J.A. Rostas, A rapid Percoll gradient procedure for isolation
of synaptosomes directly from an S1 fraction: homogeneity and morphology of subcellular fractions, Brain Res. 441 (1988)
59–71.

[46] S.G. Dennis, J.B. Clark, The synthesis of glutamate by rat brain mitochondria, J. Neurochem. 31 (1978) 673–680.
[47] H.M. Kalckar, C.W. Christopher, D. Ullrey, Uncouplers of oxidative phosphorylation promote derepression of the hexose

transport system in cultures of hamster cells, Proc. Natl. Acad. Sci. U. S. A. 76 (1979) 6453–6455.
[48] R.F. Villa, Brain enzymes and ischemia, Eur. Neurol. 20 (1981) 245–252.
[49] Z.B. Andrews, D. Erion, R. Beiler, Z.-W. Liu, A. Abizaid, J. Zigman, et al., Ghrelin promotes and protects nigrostriatal

dopamine function via a UCP2-dependent mitochondrial mechanism, J. Neurosci. 29 (2009) 14057–14065, doi:http://dx.
doi.org/10.1523/JNEUROSCI.3890-09.2009.

[50] A. Benani, S. Troy, M.C. Carmona, X. Fioramonti, A. Lorsignol, C. Leloup, et al., Role for mitochondrial reactive oxygen species
in brain lipid sensing: redox regulation of food intake, Diabetes 56 (2007) 152–160, doi:http://dx.doi.org/10.2337/db06-
0440.

[51] K.K. Naga, P.G. Sullivan, J.W. Geddes, High cyclophilin D content of synaptic mitochondria results in increased vulnerability
to permeability transition, J. Neurosci. 27 (2007) 7469–7475, doi:http://dx.doi.org/10.1523/JNEUROSCI.0646-07.2007.

[52] J.L. Hazelton, M. Petrasheuskaya, G. Fiskum, T. Kristian, Cyclophilin D is expressed predominantly in mitochondria of
gamma-aminobutyric acidergic interneurons, J. Neurosci. Res. 87 (2009), doi:http://dx.doi.org/10.1523/JNEUROSCI.0646-
07.2007.

[53] M.E. Pullmann, G.C. Monroy, A naturally occurring inhibitor of mitochondrial adenosine triphosphatase, J. Biol. Chem. 238
(1963) 3762–3769.

[54] S. Diano, T.L. Horvath, Mitochondrial uncoupling protein 2 (UCP2) in glucose and lipid metabolism, Trends Mol. Med. 18
(2012) 52–58, doi:http://dx.doi.org/10.1016/j.molmed.2011.08.003.

[55] D.S. Kiss, A. Zsarnovszky, K. Horvath, A. Gyorffy, T. Bartha, D. Hazai, et al., Ecto-nucleoside triphosphate
diphosphohydrolase 3 in the ventral and lateral hypothalamic area of female rats: morphological characterization and
functional implications, Reprod. Biol. Endocrinol. 7 (2009) 31, doi:http://dx.doi.org/10.1186/1477-7827-7-31.

[56] N.R. Sims, Rapid isolation of metabolically active mitochondria from rat brain and subregions using Percoll density
gradient centrifugation, J. Neurochem. 55 (1990) 698–707.

D.S. Kiss et al. / MethodsX 3 (2016) 417–429 429

http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0155
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0155
http://dx.doi.org/10.1016/j.ab.2013.08.030
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0160
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0160
http://dx.doi.org/10.1001/archgenpsychiatry.2010.22
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0165
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0165
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0170
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0170
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0175
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0175
http://dx.doi.org/10.1371/journal.pone.0137462
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0180
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0180
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0185
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0185
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0190
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0190
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0195
http://dx.doi.org/10.1042/BJ20110162
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0200
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0200
http://dx.doi.org/10.1074/jbc.M109.080317
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0205
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0210
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0210
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0215
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0215
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0225
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0225
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0225
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0230
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0235
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0235
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0240
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0245
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0245
http://dx.doi.org/10.1523/JNEUROSCI.3890-09.2009
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0250
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0250
http://dx.doi.org/10.2337/db06-0440
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0255
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0255
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0260
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0260
http://dx.doi.org/10.1523/JNEUROSCI.0646-07.2007
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0265
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0265
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0270
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0270
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0275
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0275
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0275
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0280
http://refhub.elsevier.com/S2215-0161(16)30020-6/sbref0280

	Preparation of purified perikaryal and synaptosomal mitochondrial fractions from relatively small hypothalamic brain samples
	Introduction
	Materials and methods
	Presented protocol
	Preparation of crude mitochondrial fraction from brain tissue
	Purification with a Percoll gradient fractionation
	Clearing off the Percoll

	Methods and materials for quality testing

	Theory behind this method
	Advantages and limitations of Percoll gradient procedures
	Homogenization
	Making a discontinuous Percoll gradient
	Removing Percoll from the fractions

	Results and discussion
	Electron microscopy
	Oxygen consumption measurements
	Limitation of the presented method

	Conclusions
	Acknowledgement
	Appendix A Supplementary data
	References


